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1
The model of interacting fermion systems in one dimension known as Tomonaga-
Luttinger liquid (TLL) [1, 2] provides a simple and exactly solvable theoreti-
cal framework, predicting various intriguing physical properties. Evidence of
TLL has been observed as power-law behavior in the electronic transport and
momentum-resolved spectroscopy on various types of one-dimensional (1D)
conductors [3–5]. However, these measurements, which rely on dc transport
involving tunneling processes, cannot identify the eigenmodes of the TLL, i.e.,
collective excitations characterized by non-trivial effective charge e∗ and charge
velocity v∗. The elementary process of charge fractionalization [6–8], a phe-
nomenon predicted to occur at the junction of a TLL and non-interacting leads,
has not been observed. Here we report time-resolved transport measurements
[9] on an artificial TLL comprised of coupled integer quantum Hall edge chan-
nels [10], successfully identifying single charge fractionalization processes. An
electron wave packet with charge e incident from a non-interacting region breaks
up into several fractionalized charge wave packets at the edges of the artificial
TLL region, from which e∗ and v∗ can be directly evaluated. These results are
informative for elucidating the nature of TLLs and low-energy excitations in the
edge channels [11].
2
Charge transport in 1D conductors like quantum wires or quantum point contacts (QPCs)
are often described by non-interacting electronic modes travelling to the right and left direc-
tions [12]. Such a single-particle picture breaks down in the presence of Coulomb interaction,
where the system is described by the non-chiral TLL model [1, 2] and its elementary ex-
citation as collective modes of charge density waves, historically referred to as ‘plasmons’
[13]. The Coulomb interaction enhances the charge velocity in each mode from the Fermi
velocity to U , where U is often used as a measure of the intra-mode interaction. When
the counter-propagating modes are coupled to form TLL plasmon modes with a coupling
ratio of r = V/2U , the charge velocity is reduced to v∗ =
√
U2 − V 2 by the inter-mode
interaction V [14]. Here we consider a system consisting of two counter-propagating modes
(Fig. 1a), which are interacting in the middle (TLL region with V > 0) but not interacting
outside the middle region (non-interacting (NI) regions with V = 0). In the interacting
region, a transport eigenmode involves charge e in the right-moving mode dragging a small
amount of charge −re in the left-moving mode, constituting non-trivial effective charge
e∗ = (1− r)e, which induces various TLL phenomena. However, previous studies searching
for such transport eigenmodes have resulted in normal quantized conductance (e2/h) or a
power-law divergence associated with tunneling or scattering of electrons [3, 4]. Elementary
excitation of the charge e∗ is expected in the charge fractionalization process [6–8] that
arises at the junction of NI region (V = 0) and the TLL region (V > 0). When a charge
e is injected from a NI mode, only a fraction e∗ is induced in the TLL region and the rest
(e− e∗ = re) should be reflected back in the other NI mode. However, conventional dc mea-
surement cannot detect the fractionalization since similar multiple fractionalizations at the
right and left junction completely cancel all traces. We successfully observed such multiple
fractionalization processes by means of time-resolved experiments.
We used an artificial TLL consisting of two counter-propagating quantum Hall edge
channels [10]. Fig. 1b shows the sample patterned on a GaAs/AlGaAs heterostructure with
chiral 1D edge channels formed along the edge of the two-dimensional electronic system
(2DES) in a strong perpendicular magnetic field B. We conducted measurements with the
bulk filling factor ν between 1 and 2, where a single edge channel with spin-up electrons
in the lowest Landau level is formed. The bulk regions with spin-down electrons partially
screen the unwanted long-range Coulomb interaction. As shown in Figs. 1c (ii) and (iii),
artificial TLL can be formed in a pair of counter-propagating edge channels along both sides
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of a narrow gate metal. The two channels are designed to have sufficient Coulomb interaction
V but negligible tunneling effect for a sufficiently large negative gate voltage. Outside the
TLL regions, isolated channels formed along the etched regions work effectively as NI chiral
leads for injecting and extracting charges from the TLL regions. Two types of TLL regions
are investigated; type-I with NI leads on both ends (Fig. 1c (ii)), and type-II with NI leads
only on the left and a closed end on the right (Fig. 1c (iii)). We can selectively activate one
of the TLL regions by applying appropriate voltages (VG1 and VG2).
We employed time-resolved charge transport measurement by using high-speed voltage
pulses [9, 15]. As shown in Fig. 1c (iv), a wave packet with non-equilibrium charge Q is
generated in the NI edge channel by applying a voltage step of the height Vinj to the injection
gate. The wave packet propagates in the channel as an edge magnetoplasmon (EMP) mode,
which is a collective mode with finite U [1, 5, 18]. The wave packet introduced into the
TLL region undergoes charge fractionalization processes [10]. The reflected charge travels
along the outgoing NI lead toward the QPC detector (Fig. 1c (i)) [9]. All measurements
were carried out at about 300 mK.
Typical waveforms at ν = 1.5 (B = 4.0 T) are summarized in Fig. 2a. The top trace (i)
represents the incident wave packet measured when no TLL regions are activated with
VG1 = VG2 = 0 V. The traces (ii) and (iii) show multiple wave packets reflected from Type-I
and Type-II TLL regions, respectively (the magnified trace for (ii) is shown in the inset).
Both traces have a small positive wave packet at t = t1, which is identical to the arrival time
of the incident wave packet to the TLL regions. The first fractionalization process at the
left junction manifests itself at this timing t1. TLL theory predicts its charge to be q1 = rQ,
and our data suggests r ∼ 0.04. The second wave packet shows a small negative peak at
t = t2 in the trace (ii), and a large positive peak at t = t
′
2 in the trace (iii). The charge in the
second wave packet depends on the nature of the right end of the TLL regions. In the case of
Type-I TLL region, fractionalization at the right junction and subsequent fractionalization
at the left junction should yield the charge q2 = −r(1 − r2)Q in the second wave packet.
This is consistent with our observation of more or less equal magnitude with opposite sign
of the first and second wave packets in the trace (ii). As for Type-II TLL region, effective
charge (1 − r)Q is fully reflected at the right end, which yields the charge q′2 = (1 − r2)Q
in the second wave packet. This is also consistent with the observation of the large second
wave packet in the trace (iii). In this way, the observed wave packets are assigned to charge
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fractionalization at the both ends of the TLL region.
In order to make our analysis quantitative, the amount of charge in each wave packet is
estimated from the area of the waveform. Figure 2b shows the linearity of Q with respect to
Vinj. The fractionalized charges q1 and q2 obtained for Type-I TLL region are proportional
to Q (Fig. 2c). The linearity ensures Ohmic connection between the NI leads and the TLL
regions. The fractionalization ratio r ∼ 0.04, which is related to the inter-mode interaction
parameter g2 in the TLL as g2 = (1 − r)/(1 + r) ∼ 0.92 [6, 10], and hence, effective charge
e∗ = (1−r)e ∼ 0.96e can be extracted from the slope of q1 vs Q. Moreover, by measuring the
time interval between the two wave packets, which can be regarded as the time of flight for
the round trip of the TLL region with length l, the effective charge velocity v∗ ∼ 150 km/s
can be obtained when corresponding gate voltages are set at −0.20 V.
We investigated how the parameters in the artificial TLL change with the gate voltage
VG1 (Figs. 3a and 3b), and the filling factor ν (Figs. 3d and 3e). In our artificial TLL, v
∗
and r strongly depend on VG1 and ν, respectively. These variations can be reproduced by
considering the Coulomb interactions characterized with the coupling capacitances between
the edge channels, CX , as well as between the channel and the gate metal, Cg, and the bulk
region, Cb, as depicted in Fig. 4a. Capacitances obtained from an electrostatic analysis (see
Methods) are plotted as functions of VG1 and ν in Figs. 3c and 3f, respectively. We find the
TLL parameters represented by the capacitances as
v∗ =
√
U2 − V 2 ∼ σxy√
Cch(Cch + 2CX)
, (1)
r =
V
2U
∼ CX
2Cch
, (2)
where Cch = Cg+Cb is used (see Supplementary Information). The good agreements between
the calculated values (dashed lines in Figs. 3a, 3b, 3d, and 3e) and the experimental values
supports the validity of our analyses and implies that TLL parameters can be designed with
the channel structures.
The dependence of the parameters on VG1 and ν can be understood in terms of screening
effects. Figure 4b shows a cross-sectional view of typical electric forces (arrows) associated
with the transport eigenmode of the TLL. Electrostatic solution indicates that a few lines
(thick arrows) of electric force are connected between the edge channels through the GaAs
layer while others (thin arrows) are screened by the gate and bulk regions. VG1 determines
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the distance between the edge channel and the gate metal, which significantly modifies Cg
and CX (Fig. 3c). This changes the channel capacitance Cch(= Cg + Cb) and v
∗, leaving
r unchanged (Fig. 3b). On the other hand, ν changes the widths of the compressible and
incompressible regions (a and b) [7, 19], which mainly influence CX and r, leaving Cg and
Cb less affected (Figs. 3e and 3f). In this way, v
∗ and r can be tuned separately with VG1
and ν, respectively.
In summary, charge fractionalization at the edges of an artificial TLL region is identi-
fied with our time-resolved measurement of charge wave packets. Obtained parameters are
consistent with the TLL model as well as microscopic analysis of Coulomb interaction with
electrostatic environment. Our measurement scheme and analysis would provide in-depth
investigation of interacting electrons in various TLLs as well as quantum Hall edge channels.
More generally, the strength of inter-channel interaction V changes as a function V (x) of
the position x along the channel. Basically, if the time-resolution is sufficiently high, the
measurement could provide time-domain reflectometry of V (x), as the reflection is sensitive
to its derivative dV (x)/dx. The time-domain reflectometry would elucidate various phe-
nomena, such as spin-charge separation in spinfull TLLs [21, 22], chargeless heat transport
in integer and fractional quantum Hall regime [11], and dissipation processes in coherent
electron transport [23].
Methods
Calculation for the coupling capacitances. As shown in the cross section of the TLL
region in Fig. 4a, the interactions between the conductive regions (gate metal, bulk regions,
and edge channels) can be characterized by the coupling capacitances (Cg, Cb, and CX). We
numerically calculated these capacitances by solving two-dimensional Laplace equation with
certain boundary conditions. For simplicity, all conductive regions are assumed to be ideal
conductors. The width of the edge channel (compressible region), a, and the incompressible
gap, b, are predetermined from an analytical solution for a similar structure [19], and the
distance between the edge channels, d, is also determined from an electrostatic solution [24].
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Figure 1. Experimental setup for the time-resolved measurement of the charge frac-
tionalization. a, A schematic illustration of the interacting TLL region with V > 0 in between
NI regions with V = 0. Injection of charge e from the upper-left lead results in fractionalization
into e∗ = (1 − r)e in the TLL region and re in the lower-left lead. b, An optical micrograph
of the sample. Metal gate electrodes (gold regions) are patterned on a 2DES region (light gray
region) and etched insulating GaAs regions (dark gray regions). The 2DES located 90 nm below
the surface has a density of 1.45× 1011 cm−2 and a low-temperature mobility of 4.0× 105 cm2/Vs.
Chiral 1D edge channels (thick blue lines with arrows) are formed along the edge of the 2DES in
a strong perpendicular magnetic field B. c, Schematic illustrations (not to scale) of the sample
consisting (i) a time-resolved charge detector, (ii) Type-I TLL region, (iii) Type-II TLL region, and
(iv) a pulsed-charge injector. The bulk regions (light blue regions) partially screen the unwanted
long-range Coulomb interaction. Excess charge of Q ∼ 150e, which is roughly estimated from nu-
merical calculation of the electrostatic depletion [24], is injected at the falling edge of a voltage step
Vinj = 5 mV applied to an injection gate in (iv). The QPC detector in (i) is set at the pinched-off
regime, and one of the gate voltage is modulated by a voltage pulse of the height of 0.2 V for the
period of 80 ps to temporally control the transmission probability of the QPC. Average current I
through the QPC as a function of the time interval t between two voltage pulses is measured at
the detection Ohmic contact Ωdet under the pulse pattern repeated at 25 MHz. The gate metal
for (ii) Type-I and (iii) Type-II TLL regions have effective length of l = 68 and l = 10 ∼ 80 µm,
respectively, and a width of w = 1 µm.
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Figure 2. Observed charge wave packets injected and extracted from the TLL regions.
a, Charge waveforms observed when (i) no TLL regions are activated, (ii) Type-I TLL region is
activated, and (iii) Type-II TLL region is activated. Traces are vertically offset for clarity. The
inset shows the magnified waveform for (ii). The derivative of the trace (i) is shown as a dashed
curve, which does not agree with our result. b, The area Q of the wave packet in the trace (i)
of a, plotted as a function of Vinj . c, The area q1 and q2 of the first and second wave packets,
respectively, in the trace (ii) of a, plotted as a function of Q. Dashed lines are results of linear
fitting.
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Figure 4. Microscopic model of Coulomb interaction with electrostatic capacitances. a,
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and CX . b, Lines of electric force (arrows) associated with the TLL mode with Q in the left and
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Supplementary information
1. Derivation of equations (1) and (2) in the main manuscript
Wave equation for charge density wave in the form of an edge magnetoplasmon mode can
be found in many articles [1–3]. Here, we use a simplified yet general form with a channel
capacitance Cch defined per unit length, which relates the potential V (x, t) and excess charge
density ρ(x, t) at position x along the channel and time t as ρ(x, t) = CchV (x, t). Associated
‘Hall’ current I(x, t) = σxyV (x, t) along the channel changes the charge distribution through
the continuity equation ∂ρ(x, t)/∂t = −∂I(x, t)/∂x. Considering the conductance of the
channel I(x, t)/V (x, t) = σxy, the unidirectional wave equation reads
∂
∂t
ρ(x, t) = −σxy
Cch
∂
∂x
ρ(x, t), (3)
where σxy/Cch gives the charge velocity in uncoupled channels.
Coupled charge density wave in our artificial TLL can be considered in a pair of two
counter-propagating edge channels i (i = 1 for propagating to the positive direction; i = 2
for negative direction). They are coupled with the cross capacitance CX per unit length.
The relation between the charge density ρi(x, t) and the potential Vi(x, t) can be described
in a matrix form as 

ρ1
ρ2

 =


Cch + CX −CX
−CX Cch + CX




V1
V2

 . (4)
Using the continuity equation, the coupled wave equation for ρi(x, t) is given by
∂
∂t


ρ1
ρ2

 = − ∂
∂x


U V
−V −U




ρ1
ρ2

 , (5)
where U and V are intra- and inter-channel interaction strengths, respectively. They are
given by
U =
σxy
Cch
Cch + CX
Cch + 2CX
, (6)
V =
σxy
Cch
CX
Cch + 2CX
. (7)
The wave equation (5) exhibits transport eigenmode−ρ2/ρ1 or−ρ1/ρ2 = V/(U+
√
U2 + V 2),
which is defined as the coupling factor r, and the velocity v∗ =
√
U2 − V 2. Inserting the
channel capacitance Cch = Cg + Cb for the model defined in the main manuscript gives
equations (1) and (2).
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2. Reflection coefficient
(ii)
atraref
TLL1 TLL2
R
T
TLL1 TLL2
ain
(i)
Figure 5. Reflection coefficient between two TLL regions. Schematic illustration of (i) the
incident right moving mode ainuR1 in TLL1, (ii) the reflected left moving mode arefuL1 in TLL1
and the transmitted right moving mode atruR2 in TLL2.
Consider two TLL regions TLL1 and TLL2 with the coupling coefficient r1 and r2, re-
spectively, connected with each other as shown in Fig. 5. We shall describe the eigenmodes
in TLLi as uRi = (1,−ri) for right moving mode and uLi = (−ri, 1) for left moving mode.
Incident wave of amplitude ain from TLL1 is partially transmitted into the TLL2 with the
amplitude atr and reflected back to TLL1 with the amplitude aref . Charge conservation law
determines a relation
ain


1
−r1

 = aref


−r1
1

+ atr


1
−r2

 , (8)
from which we obtain the transmission coefficient T ≡ atr/ain = (1− r21)/(1− r1r2) and the
reflection coefficient R ≡ aref/ain = (r2−r1)/(1−r1r2). For the abrupt junction between non-
interacting channel (r1 = 0) and TLL region (r2) defined in Fig. 1a in the main manuscript,
we used T = 1 and R = r2 to evaluate the reflected charge. The above formula indicates
that the reflection is associated with the difference of the coupling coefficients, and can be
used to develop a time-domain reflectometry.
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3. VG1 and ν dependence of charge waveforms
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Figure 6. VG1 and ν dependence of charge waveforms. a, VG1 dependence of charge
waveforms for the Type-I TLL region observed when ν = 1.5. Traces are vertically offset for
clarity. b, ν dependence of charge waveforms observed when (i) no TLL regions are activated, (ii)
Type-I TLL region is activated with the gate voltage VG1 = −0.20 V. Traces are vertically offset
for clarity.
4. Charge waveforms
It is important to distinguish real signals from spurious ones in Fig. 2a in the main
manuscript. Indeed, the additional small ripples seen at t ∼ t1 + 3.5 ns and t ∼ t′2 + 3.5 ns
in the traces (i) and (iii) are due to ripples in our voltage pulse waveform and irrelevant
to the fractionalization processes. Electrostatic crosstalk between the leads also induces
spurious signals in this type of experiments [4]. However, such crosstalk can be ruled out, as
it should appear as a derivative of the incident wave (shown as a dashed line in the inset),
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which cannot explain our observations. Although it is also known that plasmon mode exists
in the bulk compressible region, such bulk plasmon mode is dissipative and exhibits a lower
velocity [5]. Therefore, we do not consider the effects from the bulk plasmon mode in the
analysis carried out in the main manuscript. However, we find significant broadening of
the peaks for ν less than 1.3 (Figs. 6b and 6c). This could be associated with localized
bulk regions with fewer electrons. The scattering of charge density waves by the randomly-
distributed localized regions may broaden the waveform [6, 7]. Another possible reason for
the broadening could be the reduced screening effect for long-range Coulomb interaction
at smaller ν. Our previous results suggest long-range interaction over 100 µm near integer
filling factors [8]. In practice, the change in the inter-channel interaction V is not as abrupt
as illustrated in Fig. 1a in the main manuscript, but smooth in a finite transition length.
The observed width (∼ 0.4 ns) in the reflected wave (ii) of Fig. 2a in the main manuscript
indicates that the transition length is less than 70 µm (the upper bound ignoring other
reasons), by assuming identical U in the leads and the TLL region.
5. Time-resolved measurement vs dc measurement
In Type-I TLL region (Fig. 1a (ii) in the main manuscript) the NI leads connected to the
injection and detection circuits are electrically isolated, so that current should always be zero
in dc transport experiments. In our case (the trace (ii) of Fig. 2a in the main manuscript),
sum of the charges of all reflected wave packets including higher-order reflection expected
at t > t2 should be zero. Since r is small in our device, the higher-order terms are always
below the detection limit, and therefore sum of the two wave packets is almost zero within
the noise level of our measurement. As for Type-II TLL region (Fig. 1a (iii) in the main
manuscript), sum of all charges should be and actually is identical to the incident charge. In
this way, multiple fractionalization can only be resolved in time-resolved measurement but
not in dc measurements. Another notable feature of our time- resolved measurement is that
it does not involve tunneling processes. If the NI leads and the TLL regions are connected
through a tunneling barrier, only a fixed charge of e rather than arbitrary charge (rQ) can
be reflected from the TLL region, where individual fractionalization processes cannot be
resolved with tunneling experiments.
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